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Abstract
The charge asymmetry (Ach) dependence of anisotropic flow serves as an important tool to search for the
chiral magnetic wave (CMW) in heavy-ion collisions. However, the background effect, such as the local
charge conservation (LCC) entwined with collective flow, has not yet been unambiguously eliminated in the
measurement. With the help of two models, the AMPT with initial quadrupole moment and the blast wave
(BW) incorporating LCC, we discuss the features of the LCC-induced and the CMW-induced correlations
between Ach and the flow. More importantly, we first propose to use the Event Shape Engineering (ESE)
technique to distinguish the background and the signal for the CMW study. This method would be highly
desirable in the experimental search for the CMW and provides more insights for understanding the charge-
dependent collective motion of the quark-gluon plasma.
1. Introduction
The interplay of the chiral anomaly and the ultra-
strong magnetic field created in the off-central heavy-
ion collisions could give rise to various anomalous chi-
ral phenomena in the quark-gluon plasma (QGP) [1–
4], such as the chiral magnetic effect (CME), the chi-
ral separation effect (CSE), the chiral magnetic wave
(CMW) [5–8], etc. The study of these novel phenom-
ena is of fundamental significance since they may not
only reveal the topological structure of vacuum gauge
fields, but the possible local violation of P (parity)
and/or CP (charge-parity) symmetries in strong in-
teractions as well.
Over the past decade, the charge separations
caused by the anomalous chiral effects have been
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sought by the STAR, ALICE and CMS collabora-
tions at different collision energies and systems with
multiple probes [4, 9]. Though early measurements
suggest some similarities between the observables and
the theoretical expectations, there is considerable ev-
idence that the background effects play a dominant
role in the experimental measurement. In the CME
study, for instance, the γ correlator originally aiming
at detecting the electric dipole moment proportion-
ally varies as the elliptic flow (v2) and the invari-
ant mass of the particle pairs change [10], indicat-
ing the contribution from the local charge conserva-
tion (LCC) and/or transverse momentum conserva-
tion (TMC) entwined with collective flow. In recent
years, substantial attempts are made to extract the
fraction of the potential CME signal. A general con-
sensus is reached that the signal is consistent with
zero within experimental uncertainties and the upper
limit is no more than 20% at 95% CL in semi-central
collisions [4].























In the study of the CMW, the electric quadrupole
moment is usually examined by the charge asymme-
try (Ach) dependence of v2 between the positively
and negatively charged particles:
∆v2 ≡ v−2 − v
+
2 ' rAch (1)
with Ach ≡ (N+−N−)/(N+ +N−), or, equivalently,
in the form of the covariance,
〈v±2 Ach〉 − 〈Ach〉〈v
±
2 〉, (2)
which is also known as the three-particle correla-
tor [11]. The linear relationship in Eq. (1) has been
experimentally observed and the slope r agrees well
with theoretical prediction of the CMW [11, 12]. On
the other hand, the non-CMW background also man-
ifests itself in the identical relation in p-Pb collisions
and for triangular flow (v3) [13]. Among several back-
ground sources [14–19], the LCC is believed to be the
most prominent one. References [14], [20] and, re-
cently, [21] have clearly demonstrated that when se-
lecting events with a specific Ach value, one preferen-
tially applies nonuniform kinematic cuts on charged
particles, leading to the Ach-dependent correlation.
Though the existence of the LCC is a known fact, few
works, however, have directly addressed the central
issue of the CMW measurement: how to disentan-
gle the LCC background from the possible signal. In
the CME study, the Event Shape Engineering (ESE)
technique [22], which investigates the observable as a
function of v2, has proved to be an effective way to
estimate the flow-related background and constrain
the magnitude of the signal. Unfortunately, similar
approach has not yet been established for the study
of CMW and the strength (or the fraction) of the
signal remains unexplored.
In this Letter, we discuss and compare the features
of the CMW-induced and the LCC-induced Ach-v2
correlations with the help of two models, the AMPT
with initial quadrupole moment and the blast wave
(BW) incorporating LCC. Based on that, we then
propose, for the first time, a ESE method to differen-
tiate the LCC background and to extract the CMW
fraction, which would be highly desirable and feasible
in experimental search for the CMW.
2. Model description
The hybrid transport model AMPT model is
widely used in simulating relativistic heavy-ion col-
lisions. The string melting version, in particular, is
known for describing the collective motion of the final
state hadrons [23]. AMPT consists of four subrou-
tines which simulate different stages of the collisions
in sequence: HIJING for the initial parton condi-
tion [24], ZPC for the partonic evolution [25], a sim-
ple quark coalescence for the hadronization process
and ART for the hadronic rescatterings and interac-
tions. In this work, the parameters of Lund string
fragmentation and the cross section of parton scat-
tering are set to reproduce the hadron spectrum and
anisotropic flow at RHIC and LHC energies [26, 27].
To mimic the CMW-induced electric quadrupole mo-
ment, the approach proposed in Refs. [28, 29] is per-
formed, which interchanges the y component of the
position coordinate for some in-plane light quarks
carrying positive (negative) charges with those out-
plane ones carrying negative (positive) charges. The
strength of the quadrupole moment is determined by
the number of quarks being interchanged. Previous
studies suggest that switching ≈3% of total quarks
can generate a comparable slope with the experimen-
tal result in semi-central collisions [29, 30].
The Monte Carlo droplet generator DRAGON [31]
describes an expanding and locally thermalized fire-
ball, which decays into fragments and subsequently
emit hadrons. Phase space distribution of the frag-
ments is based on the BW model [32], which assumes
that the radial expansion velocity is proportional to
the distance from the centre of the system. The el-
liptic shape of the fireball is controlled by a geometry
parameter and the elliptic flow can be further gener-
ated by another parameter ρ2 in form of ρ2 cos(2φ)
with φ being the boost angle. The LCC effect is addi-
tionally incorporated by forcing charged particles to
emit always in pairs with zero net charge (one posi-
tively and one negatively charged) at the same spa-
tial point. The momenta of particles in each pair are
independently sampled and then boosted together so
all particles eventually follow a common collective ve-
locity given by the single-particle BW configuration.






































Figure 1: 2-D histogram of pT and η when (a) both particles
in the pair are detected and (b) only one particle in the pair
is detected in the BW+LCC model.
pion mass.
Note that AMPT model barely has the LCC ef-
fect at final stage since the parton rescattering and
the coalescence procedure have largely distorted ini-
tial spatial charge distribution in HIJING [21, 33].
Therefore, the AMPT and the BW simulate only the
CMW signal and the LCC background respectively.
In this work, we sample both models roughly in semi-
central collisions without precisely determining the
centrality.
3. Charge asymmetry dependence of elliptic
flow
The dependence of v2 on Ach in AMPT has been
studied in Refs. [29, 30, 34]. Without introducing
initial quadrupole moment, AMPT fails to reproduce
the Ach-v2 relation and the contribution from the res-
onance decay can be either negative or positive de-
pending on the mass. In the presence of the charge
separation, however, the linear dependence can be
perfectly formed, demonstrating the applicability of
the observable.
Now we focus on the Ach-dependent correlation in
BW+LCC with ρ2 = 0.3. Figure 1 presents the 2-D
histogram of pT and η for the case that (a) both par-
ticles in the pair are within the detector acceptance,
denoted as “both in”, and (b) only one particle in the
pair is within the detector, denoted as “one in”. It can
be seen that particles carry higher (lower) pT and/or
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Figure 2: v2 as a function of (a) pT and (b) η for the cases of
“both in” and “one in” in the BW+LCC model.
smaller (larger) |η| tend to be (un)paired, contribut-
ing to (non)zero Ach. This picture agrees well with
the mechanism proposed in Refs. [14, 21]: selecting
events with a specific Ach is, essentially, cutting on
particles with nonuniform kinematic windows. The
pT and η distributions of particles in events with dif-
ferent Ach values are completely different. Therefore,
the v2, which remarkably depends on pT and η, also
varies with Ach. Figure 2 shows the v2 as a function
of (a) pT and (b) η for the above two cases. The
v2(pT) for both cases are quite similar despite that
the value of “both in” is slightly larger than the one
of “one in” over all pT ranges. On the other hand,
the v2(η) for two cases significantly differ from each
other. The v2 value of “both in” at η ' 0 is 1.5-2
times larger than that of “one in”. Such a big dis-
crepancy of v2 directly comes from the η distribution
shown in Fig. 1: a clear convex shape for “both in”
and a concave shape for “one in” in the η direction.
A typical event with nonzero Ach is dominated by
the “one in” case. Consequently, as more unpaired
particles with a given charge are detected, the lower
the average v2 of such particles is. Figure 2 also ex-
plains the reason why Ach-pT cannot interpret the
Ach-v2 slope alone, which puzzles the measurement
for years [35]. The LCC background cannot be en-
tirely eliminated by simply narrowing down the pT
coverage since the differential distributions of v2(pT)
and v2(η) need to be comprehensively taken into ac-
count.
The Ach-v2 correlations are examined with varied
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Figure 3: (a-c) The Ach-v2 correlations with varied ρ2 values.
(d) The slopes of Ach-∆v2 are compared between different ρ2.
liptic geometry is fixed in our model and the v2 is
only tuned by the parameter ρ2. The slopes of Ach-
∆v2 are compared in Fig. 3 (d). It can be clearly
seen that the larger the ρ2 is, the stronger the slope
is. Such a behavior reveals an important feature of
the LCC background: the magnitude of the slope
is positively associated with the v2. It is also con-
firmed in this study that after normalizing the ∆v2
by the sum (v+2 + v
−
2 ), all slopes are in line with each
other, therefore the similarity between the normal-
ized slopes reported in experiments [13, 35] implies
the dominance of the LCC effect. Considering that
the CMW-induced slope, in contrast, weakly corre-
lates with v2, the v2-dependent slope can be used
to distinguish the CMW signal from the LCC back-
ground, which will be further discussed in Sec. 5.
4. Three particle correlation
In addition to the slope of Ach-v2, the three parti-
cle correlator is another noteworthy observable. The
integral three particle correlator calculates the co-
variance of Ach and v2 as defined in Eq. (2). One
advantage of measuring such a covariance instead of
the slope is that the former is free of the correction
for efficiency of Ach in the experiment [11, 20]. The
differential three correlator, which measures the cor-
relation between the flow at a particular kinematic
space and the charge of the third particle (rather than
the eventwise Ach) at another particular coordinate,
reads,
〈v±n q3〉 − 〈q3〉〈vn〉, (3)
where the subscript 3 denotes the third particle. This
observable is usually examined as a function of the
separation of pseudorapidity (∆η) between the first
and the third particle, resembling the study of the
charge balance function. The experimental results of
the differential correlator has been reported by the
ALICE collaboration [11]. A nontrivial dependence
of the correlator on ∆η is observed, roughly matching
the expectation of the LCC background [20]. Unfor-
tunately, as also mentioned in [11], no prediction was
made from the perspective of the CMW. The AVFD
framework has not yet been able to achieve it [36].
The AMPT with initial quadrupole provides an op-
tion for the phenomenological estimation.
Figure 4 presents the differential three particle cor-
relator for the (a) second and the (b) third harmonics
as a function of ∆η. Without initial quadrupole, the
second order correlator is consistent with zero regard-
less of the charge of the first particle, which agrees
with the zero slope of Ach-v2 observed in original
AMPT [29]. In the presence of the quadrupole mo-
ment, a clear separation between the correlators can
be seen. When the flow particle is positively (nega-
tively) charged, the third particle surrounded tend to
be negative (positive), generating the negative (pos-
itive) covariance. This trend qualitatively matches
the ALICE measurement [11]. Nevertheless, no ∆η
dependence of the differential correlator is found in
our study since the initial charge separation is im-
plemented uniformly in the η direction. At large ∆η,
the correlators in this work remain constant while the
experimental ones remarkably decrease and change
the sign. Besides, the third order correlator in the
ALICE data exhibits a similar structure as the sec-
ond harmonic despite the smaller strength while it is
































Figure 4: The differential three particle correlator for the (a)
second and the (b) third harmonics as a function of ∆η.
indicate that the ALICE measurement of the differ-
ential correlator is very likely to be dominated by the
LCC mechanism rather than the CMW.
5. Event shape engineering
As presented in Sec. 3, the slope of the LCC-
induced Ach-v2 roughly scales with the magnitude of
v2. Therefore, it is viable to disentangle the LCC
background contributions from the possible CMW
signal by investigating the observable at different v2
values. The Event Shape Engineering (ESE) tech-
nique fortunately meets the needs. In a given central-
ity interval, the ESE method is able to select events














with φi being the azimuthal angle of the i-th parti-
cle. This method has been widely used in the study
of CME [13] and other topics concerning the collec-
tivity [37]. In this work, we divide the whole AMPT
sample into ten q2 bins according to Eq. (4) and only
present top five bins due to the statistics. For the
BW model, instead of performing the ESE method,
we simply change the ρ2 value to obtain events with
different average v2. The ρ2 values are set to be 0.1,
0.3, 0.8 and 1.2.




























Figure 5: (a) The slope of Ach-∆v2 and (b) the difference of
the integral three particle correlator as a function of average
v2.
Figure 5 shows (a) the slope of Ach-∆v2 and (b)
the difference of the integral three particle correla-
tor as a function of average v2. Experimentally, the
later observable has the advantage in statistics since
it does not require dividing the data sample into Ach
bins. The results are compared between two mod-
els. For both observables, the results of AMPT with
quadrupole do not exhibit any 〈v2〉 dependence. The
observables remain unchanged even if 〈v2〉 is reduced
by half. A linear fit gives a significantly positive in-
tercept at zero 〈v2〉, indicating the strength of the
CMW signal. In contrast, the results of BW with
LCC are found to be proportional to 〈v2〉. The ob-
servables linearly decrease as 〈v2〉 decreases and the
intercept at zero 〈v2〉 is consistent with zero.
What we present here are two ideal extremes: the
model contains either CMW or LCC alone. Realisti-
cally, the observables measured in the experiment are
very likely to include both the signal and the back-
ground. In that case, the data points may form a lin-
ear relationship with a positive slope and a nonzero
intercept. The CMW fraction can then be extracted






where a and b are the slope and the intercept from
the linear fit. This method has actually been success-
fully implemented to constrain the CME fraction [13],
so we believe that extending it to the CMW study
should be highly feasible. At last, we remind ex-
5
perimentalists that, when performing this ESE ap-
proach, the factor between the slope of Ach-∆v2 and
the integral three particle correlator as mentioned in
Ref. [11], as well as the Ach distribution at different
q2 intervals, need to be carefully checked since they
may notably influence the fitting result of Eq. (6).
6. Summary
The Ach-dependent flow, serving as the most prob-
able probe for the search for the CMW, is investigated
by two models, the AMPT with initial quadrupole
moment and the BW incorporating LCC, which sim-
ulate the CMW signal and the LCC background re-
spectively. In the BW+LCC scenario, we confirm
that the Ach-v2 relation can stem from the intrin-
sic property of Ach as suggested in our previous
study [21]. It is revealed that the differential v2, par-
ticularly η-dependent v2, between the clusters con-
tributing to zero and nonzero Ach are significantly
different, which naturally gives rise to the Ach-v2
relation. More importantly, the slope or the co-
variance between Ach and v2 generated by the LCC
mechanism is found to be proportional to the event
v2. This key feature makes it feasible to disentan-
gle the LCC background from the CMW signal since
the CMW-induced Ach-v2 correlation does not ex-
hibit strong v2 dependence according to the simula-
tion of AMPT+quadrupole. We propose, for the first
time, the ESE method to estimate the strength of
the LCC background and to extract the CMW frac-
tion, which would be highly desirable and doable in
experimental search for the CMW. In addition, the
differential three particle correlator is also studied by
AMPT with and without initial charge separation,
which serves as a baseline to interpret the experi-
mental measurement.
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